The Boundary volcanogenic massive sulfide (VMS) deposit (~ 0.5 Mt @ 3.5% Cu, 4% Zn, 1% Pb, 34.0 g/t Ag) in the Tally Pond Group, central Newfoundland, represents one of the best preserved, subseafloor-replacement style VMS deposits in the northern Appalachian orogen. The deposit is hosted within a Late Cambrian (~510 Ma) volcanic sequence consisting predominantly of rhyolitic flows and associated volcaniclastic rocks. Footwall strata are dominated by rhyolitic lapilli tuff, tuffs, lesser rhyolite flows, and in situ rhyolite breccias. The hanging wall consists of massive, quartz-bearing, flow-banded lobe and breccia facies rhyolite. The deposit occurs at and below the contact between these two units, and comprises pyrite, chalcopyrite, and lesser sphalerite (and other minerals). Massive mineralization contains abundant clasts of the surrounding host rocks, including chlorite-sericite-quartz-altered rhyolite lapilli and ash. Hydrothermally altered rocks consist of variably intense chlorite with lesser sericite and quartz. Chlorite alteration occurs in a discordant geometry, likely representing hydrothermal upflow zones, and chlorite-sericite-quartz occur as blankets that are parallel to the volcanic stratigraphy, likely representing alteration associated with replacement. The hanging-wall rhyolite flows also contain moderate to intense, pervasive quartz and sericite alteration. Both the hanging wall and footwall are characterized by strong Na2O-Sr depletions, K2O-MgO-Fe2O3-Ba enrichments, high alteration index values (e.g., Ba/Sr, chlorite-carbonate-pyrite index (CCPI), alteration index (AI)), and enrichments in base metals and volatile metals (e.g., Cu, Zn, Pb, Hg).
Introduction
VolcanoGenic maSSiVe Sulfide (VMS) deposits are one of the best understood mineral deposit types, a result of a long history of mining, exploration, and research on land, but also due to our ability to study actively forming systems on the modern sea floor (Large, 1992; Franklin et al., 2005; Hannington et al., 2005) . It is widely accepted that VMS deposits form from the exhalation of metalliferous fluids on the sea floor, as observed in modern sea-floor settings and inferred from ancient rocks. However, in some ancient deposits there appears to be evidence for not only exhalative mineralization, but also replacement of rocks in the subseafloor environment (e.g., Doyle and Allen, 2003) . Furthermore, in recent years it has been increasingly recognized that subseafloor replacement is particularly significant in forming some giant-to super-giant and/or high-grade deposits (Squires et al., 1991 (Squires et al., , 2001 Galley et al., 1993 Galley et al., , 1995 Doyle and Huston, 1999; Hannington et al., 1999; Doyle and Allen, 2003; Bradshaw et al., 2008) .
Despite the recognition of subseafloor replacement as a potentially important process in VMS deposit genesis, recognizing replacement in ancient VMS deposits is not a trivial task, as primary stratigraphic, facies, and alteration relationships in many ancient deposits commonly are significantly modified by postmineralization deformation and metamorphism. In this paper we provide a field-based reconstruction of lithofacies and hydrothermal alteration for the Boundary 0361-0128/14/4205/661-27 VMS deposit (~0.5 Mt @ 3.5% Cu, 4% Zn, 1% Pb, 34.0 g/t Ag), which occurs in the Tally Pond Group, Central Mobile belt, Newfoundland Appalachians, Canada. Although a relatively small deposit, it represents an excellent natural laboratory for understanding subseafloor replacement processes, largely because of its flat-lying nature and exceptional preservations of stratigraphic, alteration, and lithofacies patterns. Furthermore, we present lithogeochemical data that provide key insights into alteration processes and the tectonic environment of formation of the Boundary deposit in the Appalachian orogen.
Regional Geologic and Metallogenic Setting
The Boundary VMS deposit is located within the Newfoundland Appalachians (Fig. 1) , which is divided into four tectonostratigraphic zones, from west to east (Williams, 1979; Williams et al., 1988; Hibbard et al., 2004) : the Humber, Dunnage, Gander, and Avalon zones. The Dunnage zone, the central portion of the orogen in Newfoundland, also termed the Central Mobile belt, represents vestiges of the Iapetus Ocean and comprises arc, back-arc, and ophiolitic rocks that formed along the margins of Laurentia (Notre Dame subzone) and Gondwana (Exploits subzone) in the Cambrian to Ordovician ( Fig. 1 ; Swinden et al., 1989; Swinden, 1991; Kean et al., 1995; van Staal and Colman-Sadd, 1997; Evans and Kean, 2002; Rogers and van Staal, 2002; Rogers et al., 2006 Rogers et al., , 2007 van Staal, 2007) . The Notre Dame and Exploits subzones subsequently were accreted to the Laurentian and Gondwanan margins during the Taconic and Penobscot orogenies in the Middle Ordovician, and to each other during the terminal stages of the Taconic orogeny in the Late Ordovician (van Staal, 2007; Zagorevski et al., 2007a) .
The Dunnage zone (Central Mobile belt) and equivalents in the United States are host to most of the VMS deposits in the Appalachian orogen, including those of the world-class Bathurst mining camp in New Brunswick (Goodfellow et al., 2003) , and past-producing deposits of the Buchans mining camp (Thurlow, 2010) . The Dunnage zone also contains numerous other currently producing (e.g., Duck Pond) and past-producing (e.g., Little Bay) deposits, as well as those at various stages of exploration, from grassroots to near production (e.g., Boundary; Staal and Barr (2012) . VMS deposit classification from Piercey (2007) and Hinchey (2011) . Abbreviations: BBL = Baie Verte Prompton Line; BOI = Bay of Islands; BVOT = Baie Verte Oceanic Tract; CF = Cabot fault; CP = Coy Pond Complex; DBL = Dog Bay Line; GBF = Green Bay fault; GRUB = Gander River ultramafic belt; LBOT = Lushs Bight oceanic tract; LCF = Lobster Cove fault; LR = Long Range; LRF = Lloyds River fault; PP = Pipestone Pond Complex; RIL = Red Indian Line; SA = St. Anthony; TP = Tally Pond belt; TU = Tulks volcanic belt; VA = Victoria arc; WB = Wild Bight Group. deposits are hosted in both the Notre Dame and Exploits subzones (Fig. 1) . Deposits occur north of the Red Indian Line, a major Late Ordovician suture between the Exploits and Notre Dame subzones, and within the Notre Dame subzone, and include deposits hosted in ~510 Ma Lushs Bight Group; ~485 Ma Betts Cove and Bay of Islands complexes, and deposits within the ~485 Ma Rambler-Ming mining camp; and the ~471 to 465 Ma deposits of the Buchans-Roberts Arm belt (Dunning and Krogh, 1985; Dunning et al., 1987; Jenner et al., 1991; Kean et al., 1995; van Staal, 2007; Skulski et al., 2008 Skulski et al., , 2010 . South of the Red Indian Line, within the Exploits subzone, VMS deposits occur in the ~513 to 509 Ma Tally Pond belt; the ~505 Ma Long Lake belt; the ~498 to 491 Ma Tulks volcanic belt; and the ~488 to 485 Ma Wild Bight Group (Figs. 1, 2 ; Dunning et al., 1991; MacLachlan and Dunning, 1998a, b; Zagorevski et al., 2007b; Hinchey and McNicoll, 2009; McNicoll et al., 2010) .
VMS Deposit Classification
The Boundary deposit is hosted within the Victoria Lake Supergroup (Evans and Kean, 2002) . Historically, this supergroup was divided into two main volcanic belts: the Tally Pond and Tulks volcanic belts (Evans and Kean, 2002) . More recently, it has been subdivided into six fault-bounded packages, including, from east to west (Fig. 2) the following: the Tally Pond Group (~513-509 Ma; Dunning et al., 1991; McNicoll et al., 2010) ; the Long Lake Group (~506 Ma; Zagorevski et al., 2007b) ; the Tulks Group (~498-487 Ma; Evans et al., 1990; Evans and Kean, 2002) ; the Sutherlands Pond Group (~462 Ma; Dunning et al., 1987) ; and the Pats Pond and Wigwam Brook groups (~488 and ~453 Ma, respectively; Zagorevski et al., 2007b) . VMS deposits occur in the Tulks, Long Lake, and Tally Pond groups (Hinchey, 2007 (Hinchey, , 2008 Hinchey and McNicoll, 2009) .
The Tally Pond Group is host to the Boundary VMS deposit, the producing Duck Pond deposit (resources for Duck Pond + Boundary 4.08 Mt @ 3.29% Cu, 5.68% Zn, 0.9% Pb, 59.3 g/t Ag, 0.9 g/t Au), as well as the Lemarchant deposit (Figs. 2, 3 ) (Squires et al., 1991 (Squires et al., , 2001 Wagner, 1993; Evans and Kean, 2002; Squires and Moore, 2004) . The Tally Pond Group has been subdivided into two informal formations: the Bindons Pond formation and Lake Ambrose formation (Rogers and van Staal, 2002; Rogers et al., 2006) . The Lake Ambrose formation is broadly equivalent to the Lake Ambrose basalts of Dunning et al. (1991) , and is basalt-dominated, consisting of pillowed and massive flows, volcaniclastic rocks, and lesser felsic and sedimentary rocks (Kean and Evans, 1986; Evans and Kean, 2002; Rogers and van Staal, 2002; (Kean and Evans, 1986; Evans and Kean, 2002; Rogers and van Staal, 2002; Rogers et al., 2006) . Generally, the Lake Ambrose formation is stratigraphically below the Bindons Pond formation ( Fig. 3 ; Kean and Evans, 1986; Evans and Kean, 2002; Rogers and van Staal, 2002; Rogers et al., 2006) . Uranium-Pb zircon ages for the Lake Ambrose formation are ~513 Ma, whereas those for the Bindons Pond formation are ~509 Ma; the latter formation hosts mineralization at both the Duck Pond and Boundary deposits .
N O T R E D A M E S U B Z O N E E X P L O I T S S U B Z O N E

Stratigraphy and Lithofacies
Stratigraphy, lithofacies, mineralization, and alteration in the Boundary deposit were documented using drill cores, graphic drill logs, and stratigraphic sections. The Boundary deposit is relatively flat lying (Fig. 4) ; therefore, the sections shown in Figures 5 through 8 represent true thicknesses.
Three main zones are recognized: the North zone, South zone, and Southeast zone (Fig. 4) . In all zones, mineralization subcrops beneath a veneer of glacial till that is meters thick, particularly in areas where the deposit is not covered by hanging-wall rhyolitic rocks. Locations of the cross sections and long sections are shown Figure 4 .
General stratigraphy
The Boundary deposit occurs at and below the contact between a hanging-wall quartz-phyric assemblage of flowbanded rhyolite flows and breccias (lobe and breccia facies rhyolites) with lesser tuff, and a footwall of aphyric rhyolitic lapilli tuff and tuff . Most holes in the deposit are relatively shallow and do not penetrate significantly below the lapilli tuff unit; however, in stratigraphically deeper holes the lapilli tuff are interlayered with aphyric rhyolite flows, rhyolite breccias, and distinctive, jigsaw-fit, aphyric rhyolite breccias (App. Fig. A1 deposits (Squires et al., 2001; Moore, 2003; Squires and Moore, 2004; Copeland et al., 2009 ). The aphyric rhyolites and breccias are interlayered with pillow basalt in even deeper drill holes (e.g., TP88-02 and -52). All units are cut by intrusions of altered quartz-feldspar porphyry. The stratigraphy, facies, relationships, alteration, and mineralization are consistent in all the zones of the deposits .
Lithofacies
Lithofacies are shown on the stratigraphic sections and drill core sections outlined in Figures 5 to 8 , with photographs and photomicrographs of the various lithofacies in Figures 9 and 10. The volcaniclastic lithofacies are classified using the classification of Fisher (1966) , which has recently been updated by White and Houghton (2006) . These classifications are nongenetic and based entirely on clast size and abundance with no implication for the nature or mechanism of emplacement.
Lobe and breccia-facies rhyolite: Lobe and breccia-facies rhyolite is brown (weathered?) to gray and dominated by quartz-phyric, flow-banded rhyolite lobes with marginal breccias (Fig. 9A, B) . Most lobes are massive and grade upward (uphole and stratigraphically) into more brecciated to tuffaceous units with flow-banded clasts containing quartz and spherulites (Fig. 10) . Most of the brecciated units are strongly altered so that intraclast domains are completely replaced by chlorite and/or quartz (Fig. 9B ). This unit is locally cut by pyrite and chalcopyrite stockwork, and regionally (i.e., Boundary West prospect) overlain by Zn-rich pyritic mudstone and mineralized mafic flows.
Lapilli tuff to tuff: Aphyric rhyolitic lapilli tuff is the dominant footwall host to the Boundary deposit rounded to subrounded clasts of aphyric rhyolite, intraclast ash, some dark black to gray rhyolitic fragments, flow-banded rhyolite clasts, and minor argillite (Figs. 9C-E, 10). Clasts within these units often exhibit relict spherulitic textures, and are often associated with relict glass shards and perlitic textures, suggesting that they were partly glassy when they were emplaced (Fig. 10) . The lapilli tuff grade into matrixsupported lapilli tuff with rounded rhyolitic clasts supported within a gray ash matrix, and in places grade further into tuff (Fig. 9F ). Matrix-supported lapilli tuff to tuff are significantly less abundant than the clast-supported lapilli tuff in the immediate footwall, but increase in abundance in deeper holes (e.g., TP88-052; App Fig. A1 ). Deeper holes in the deposit contain both clast-and matrix-supported lapilli tuff, many of which are well sorted and show graded bedding (App Fig. A1 ).
Jigsaw-fit tuff breccia: Jigsaw-fit tuff breccia is virtually identical to those in the footwall and that host mineralization in the Duck Pond deposit (Squires et al., 1991; Squires et al., 2001) . The breccias consist of white to gray, aphyric rhyolite clasts with minor interfragment felsic ash (Fig. 9G, H ). Fragments are polygonally jointed to subangular; the breccias are, for the most part, clast supported (Fig. 9G) . The jigsaw-fit breccias are more abundant in deeper parts of the deposit and are associated with massive rhyolite flows and flow-top angular rhyolite fragment breccias (e.g., hole TP88-052; App. Fig. A1 ).
Rhyolite flows and flow breccias: Aphyric rhyolite flows occur as a series of relatively densely packed, gray to white, massive to flow-banded, aphyric rhyolite flows that grade upward into breccias containing flow-banded rhyolite clasts, black relict glass to pumiceous clasts, and ash (App. Figs. A1, A2A, B).
Quartz-feldspar porphyry dikes: Quartz-feldspar porphyry dikes and intrusions of all types are relatively rare in the Boundary deposit, but locally intrude both the lapilli tuff and lower footwall felsic volcanic and volcaniclastic units (Figs. 5, 7; App. Fig. A1 ). Quartz-feldspar porphyries are gray to white with sharp margins, exhibit minor sericite-quartz alteration, and are similar to those at the Duck Pond deposit; locally they display peperite textures (App. Fig. A2 ).
Pillow lavas: Mafic lavas are relatively uncommon in the Boundary deposit stratigraphy, except for the lowermost parts of holes TP88-02 and TP88-52 (App. Fig. A1 ). Here, pillow lavas are intercalated with predominant felsic volcanic rocks (App. Fig. A1 ). The pillow lavas are gray-green to brown, amygdaloidal, and exhibit variable bleaching (silicification) and Fe-carbonate alteration; some of the pillows have quartz patches and chlorite-and quartz-filled amygdules (App. Fig.  A2 ).
Lithofacies variations: Given the short depth of most of the drill holes at the Boundary deposit, there are very few lithofacies variations that can be discerned. Nevertheless, some general relationships are evident. In the North zone, thicknesses of the hanging-wall lobe and breccia facies rhyolites increase toward the southeast, broadly coinciding with the thickest accumulations of massive sulfide, thus potentially reflecting eruption into a depression, possibly bounded by a synvolcanic fault (Fig. 5) . Notably, in regional holes and deeper in the stratigraphy, footwall strata change from volcaniclastic to more coherent flows and intrusions, and to associated coarse, jigsaw-fit breccias and volcaniclastic rocks (App Figs. A1, A2).
A similar case appears to exist for the South and Southeast zones, where the footwall to mineralization contains more flows and intrusive rocks (Figs. 7, 8) .
Mineralization and alteration
Mineralization: In the Boundary deposit, mineralization occurs in the North, South, and Southeast zones and is dominated by Cu-Zn-rich massive sulfide with variable amounts of base-metal-poor pyritic sulfide . Pyrite-rich massive sulfide is less abundant compared to the Duck Pond deposit, and occurs primarily in the basal portions of the various zones (Figs. 5, 6); however, in rare cases, it also is distal to the Cu-Zn mineralization (Fig. 7) . Most sulfide occurs at the contact between the hanging-wall, quartz-phyric lobe and breccia facies rhyolite and footwall lapilli tuff . Mineralization is not one continuous lens at this contact, but instead forms a series of sheets and lenses that are conformable to semiconformable to stratigraphy, at the hangingwall-footwall contact and within 10 m vertically below this contact, typically within porous footwall lapilli tuff and coarser fragmental units ( converge, presumably near synvolcanic structures, and have a core of massive sulfide that, together with the bedding-parallel sheets, have a broad tree branch-like morphology .
The mineralization consists of a variety of facies, including the following (Fig. 10): (1) stringer sulfides occurring within abundant clasts and in the matrix to clasts, (2) clast-rich massive sulfides, (3) massive pyritic sulfides with chalcopyrite stringers, (4) chalcopyrite-and sphalerite-rich massive sulfides, and (5) bedded sulfides. Stringer sulfides consist of fine-grained to granular pyrite and lesser chalcopyrite and sphalerite that occurs as ~10 to 20 vol % of the rock, forming the matrix to rhyolite lapilli (Fig. 11A) , or surrounding the jigsaw-fit fragments in rhyolite flows (Fig. 9E, F) . These stringers grade into clast-rich massive sulfide that consists predominantly of pyrite, sphalerite, and chalcopyrite with abundant, variably altered clasts of rhyolite (Fig. 11B, C) . The clasts range from aphyric rhyolite lapilli (Fig. 11A) , angular rhyolite fragments (Fig. 11B) , to larger rounded rhyolitic fragments (Fig. 11C) . Massive sulfide contains up to 90 to 95 vol % sulfide with varying proportions of pyrite, sphalerite, and chalcopyrite, and includes pyrite with stringers of sphalerite and chalcopyrite, and chalcopyrite with sphalerite and minor pyrite ( Fig.  11D-F) . Within the massive sulfides are abundant fragments of altered rhyolite (Fig. 11A-C) . Bedded sulfides consist of laminated pyrite with lesser sphalerite and chalcopyrite that have mm-to cm-scale bands of sulfide (Fig. 11F) .
Alteration: Within the Boundary deposit, altered rocks consist predominantly of chlorite and quartz-sericite of varying intensity with locally abundant dolomite ("chaotic carbonate") and Fe-carbonate (ferromagnesite). The type and extent of alteration vary between the footwall and hanging-wall lithofacies.
In the footwall, all alteration types are present going from unaltered to weakly altered ~100 m from mineralization to intensely altered proximal (i.e., within 10 m) to mineralization. In shallow holes (i.e., <100 m), rocks are rarely unaltered; however, in deeper holes the rocks are relatively fresh and display only minor quartz alteration (e.g., App. Fig. A2 ). The footwall lapilli tuff change becomes increasingly altered proximal to mineralization going from rocks that are relatively fresh, to quartz-sericite, to quartz-sericite-chlorite, to intense chlorite locally with chaotic carbonate near mineralization . Clasts in moderately altered lapilli tuff have concentric alteration patterns with fresh cores surrounded by rims of quartz and sericite; the matrix of ash between the clasts is commonly replaced by chlorite (e.g., Fig. 11C ). In strongly altered samples the clasts have similar concentric zonation but with chlorite-altered rims and quartz-sericitealtered cores within a matrix completely replaced by chlorite (Fig. 11A, C) . In progressively altered rocks, the clasts and ash are entirely replaced by black chlorite with stringer sulfides; locally, the rock contains chaotic carbonate consisting of spheres and dendrites of dolomite that overprint, but are cogenetic with, chlorite (Fig. 11G) .
Petrography and scanning electron microscopic (SEM) imaging of footwall alteration illustrates that weakly altered hanging-wall and footwall rocks have mostly sericite with lesser chlorite and carbonate alteration (Figs. 10A, B; 13A , B). Sericite-altered rocks exhibit an entire replacement of matrix and clasts by sericite, anatase, and locally apatite that exhibits a spherulitic texture (Figs. 10, 13 ; App. Fig. A3 ). More intensely altered chlorite-rich samples exhibit a nearcomplete replacement of the rocks by chlorite (Fig. 11G) , with sulfide, carbonates, and anatase (Figs. 10, 13 ; App. Fig.  A3 ). Both chlorite and sericite are associated with xenotime and monazite, particularly near carbonate (App. Fig. A3 ).
Unlike many VMS systems, the hanging wall to the Boundary deposit exhibits considerable alteration dominated by patchy to pervasive quartz-sericite, with only minor patchy chlorite (Figs. 9, 10) . The rhyolite flows are typically white with flow-banded and massive zones having moderate to strong quartz-sericite alteration, whereas the ash-rich zones exhibit chlorite alteration (Figs. 9, 10) . In some cases, the flow-banded zones also contain fine-grained Fe-oxides distributed parallel to the flow banding (Fig. 9A) . Disseminated pyrite-(chalcopyrite-sphalerite) grains occur within the rhyolite flows as well.
Iron-rich carbonate alteration is also present throughout the Boundary deposit (and the entire Tally Pond Group) and occurs as mm-scale spots that overprint all other alteration types (Figs. 9, 10; App. Fig. A3 ). We interpret this as a late VMS-related hydrothermal alteration (e.g., Zaw and Large, 1992) , or a much younger overprint related to Silurian(?) regional metamorphism (e.g., van Staal, 2007) . Petrography and SEM identification suggest this carbonate is ferromagnesite and is distinct from the dolomite associated with chaotic carbonate alteration.
The footwall and hanging-wall alteration are spatially very distinctive. Moderate to intense quartz-sericite and minor to moderate chlorite alteration are broadly conformable to stratigraphy in both the footwall and hanging wall (Figs. 6-9; see also Lithogeochemistry below). Generally, the quartz-sericite and chlorite alteration parallel the sulfide lenses, with the former extending up to 10 m vertically into the hanging wall (total extent is uncertain due to erosion of the hanging wall), whereas the chlorite alteration extends less than 2 to 3 m into the hanging wall. Similarly, quartz-sericite typically extends up to ~100 m, whereas chlorite is typically ~10 m or less into the footwall. Very intense chlorite alteration does occur in discrete zones within the Boundary deposit, predominantly in the North zone and to a lesser extent in the South and Southeast zones (Figs. 6-9) . Notably, the intense chlorite zones cross-cut stratigraphy and have both parallel and pipe-like (i.e., discordant form; e.g., Figs. 5 -8). It is interpreted that these chloritic feeder pipes mark synvolcanic structures that controlled fluid flow within the deposit and fed the conformable, replacement-style alteration and mineralization.
Lithogeochemistry
Samples used for lithogeochemistry come from two representative drill holes from the North zone (BD99-108 and BD99-131) that represent the typical hydrothermal alteration styles in the Boundary deposit. Samples were collected every ~5 m in both the hanging wall and footwall so as to provide downhole profiles of alteration, and to constrain the primary chemostratigraphy of the host rocks to mineralization. Samples were analyzed at Activation Laboratories Inc., after being crushed and pulverized in mild steel. Analyses were obtained for major, trace, and REEs using a fusion pre-preparation, HF-HNO3 dissolution, and a combination of inductively coupled plasma-emission spectroscopy (ICP-ES) and inductively coupled plasma-mass spectrometry (ICP-MS). Mercury was determined by cold vapor-atomic absorption spectroscopy (CV-AAS); CO2 was analyzed by infrared spectroscopy (IRS). Precision and accuracy of data reported by Actlabs have been quantified previously by Piercey and Colpron (2009) . Lithogeochemical data are presented in Table 1 .
Given the intense alteration of the rocks at the Boundary deposit, most major elements (except Al2O3 and TiO2) and many trace elements, including the base metals, volatile metals, and the low field strength elements (LFSE), are considered mobile (e.g., Spitz and Darling, 1978; Saeki and Date, 1980; Jenner, 1996; Large et al., 2001b) . In contrast, except under extreme conditions, the high field strength elements (HFSE) and REE (except Eu) are considered immobile (e.g., MacLean, 1990; MacLean and Barrett, 1993; Barrett and MacLean, 1999) , except in cases of very intense alteration (e.g., Campbell et al., 1984) or the presence of key complexing ions (e.g., Bau and Dulski, 1995) . The presence of monazite and xenotime, along with carbonate in the rocks, suggests the potential for REE and HFSE mobility (e.g., Taylor and Fryer, 1983; Murphy and Hynes, 1986) . It must have been very local (i.e., hand specimen scale), as the HFSE, REE, Al2O3, and TiO2 behave coherently regardless of alteration facies, suggesting they have been effectively immobile on the hand specimen scale during alteration and metamorphism. Based on these relationships, the mobile major elements, metals, and LFSE provide significant insight into the alteration and mineralization processes, whereas the HFSE, REE, Al2O3, and TiO2 provide information on the primary chemostratigraphic and petrological attributes of the rocks.
Mobile element systematics
Rocks from the Boundary deposits are strongly altered with samples from both the footwall and hanging wall having very strong Na2O depletions (Na2O <0.5 wt %) and Spitz-Darling index (Al2O3/Na2O) values >30 (Fig. 13A) . The majority of (Spitz and Darling, 1978) index versus Na2O (diagram after Ruks et al., 2006) . (B) Alteration box plot with the chlorite-carbonate pyrite index (CCPI) against the Hashimoto alteration index (AI; Saeki and Date, 1980; Date et al., 1983; Large et al., 2001b) . (C) Chloritecarbonate alteration monitor ((Fe2O + MgO)/Na2O) vs. Ba/Sr index. (D) Sericite alteration monitor (K2O/Na2O) vs. Ba/Sr. (E) Quartz alteration monitor (SiO2/Na2O) against Ba/Sr. (F) MgO-Al2O3-(CaO + Na2O + K2O) plot with various mineral nodes (diagram after MacDonald et al., 1996) . rocks have high Hashimoto index [100 × MgO + K2O/(MgO + K2O + CaO + Na2O)] and chlorite-carbonate-pyrite index [CCPI = 100 × MgO + Fe2O3/(MgO + Fe2O3 + CaO + Na2O)] values, with most samples plotting close to the chlorite-pyrite node of the diagram, except two chaotic carbonate-altered samples that trend toward the field for least-altered dacite (Fig. 13B) .
Samples spatially associated with mineralization in the Tally Pond belt have historically been known for high Ba/ Sr ratios, with the exception of those showing very intense chlorite and/or chaotic carbonate alteration (Collins, 1989) . Notably, there is a distinctive distribution of Ba/Sr ratios for the Boundary samples, with most samples having Ba/Sr >25, with a subset that has low Ba/Sr (Fig. 13) . The low-Ba/ Sr group displays high (Fe2O3 + MgO)/Na2O ratios, consistent with chlorite, chaotic carbonate, and/or sulfide alteration (Fig. 13A) , whereas the high-Ba/Sr group is characterized by high K2O/Na2O, consistent with sericite alteration (Fig. 13C,  D) . The low-Ba/Sr group shows contrasting SiO2/Na2O ratios with some low-Ba/Sr samples having low SiO2/Na2O ratios (chlorite ± carbonate alteration) and others showing high SiO 2/Na2O ratios (chlorite-quartz alteration); the high-Ba/ Sr samples have moderate SiO2/Na2O ratios consistent with sericite-chlorite-quartz alteration (Fig. 13E) . A similar distribution of data exists in MgO-Al2O3-alkali space where most samples plot close to the sericite node, trending toward chlorite. The chlorite-rich samples lie close to the chlorite node; the carbonate-altered samples trend toward the MgO-alkali axis (Fig. 13F) . Unlike many other VMS deposits (e.g., Large et al., 2001a) , rocks from the Boundary deposit lack anomalously high Tl and Sb contents (Fig. 14A) . They do, however, have elevated Hg contents, and very high ratios of Hg/Na2O and Ba/Sr (Collins index), a feature previously designated by Collins (1989) as the "Duck Pond alteration signature" (Fig.  14B) . The chaotic-carbonate-altered samples are also characterized by very high CO2/Na2O ratios coupled with high (CaO + MgO)/Na2O ratios (Fig. 14C) .
Downhole profiles of drill holes BD99-108 and BD99-131 for key elements, alteration indexes, and metals are shown in Figures 15 and 16 . Hole BD99-108 contains a significant footwall intersection and shows typical footwall alteration signatures with depletions in Na2O, high alteration indices, and anomalously high base metal contents. Notably, both the sericite index (K2O/Na2O) and Ba/Sr ratios decrease with depth, corresponding to increases in CO2 and Cu contents and higher Al2O3/Na2O ratios, indicative of chlorite-chaotic carbonate alteration. Hole BD99-131 contains similar footwall alteration signatures, but also has a significant hanging-wall intersection (Fig. 16) . The hanging wall in BD99-131 also has low Na2O contents (<0.5 wt %), high Al2O3/Na2O (>30), high K2O/Na2O and Ba/Sr ratios, and anomalously high base metals, Hg, and CO2 consistent with significant hanging-wall alteration.
Immobile element systematics
Plots of data for immobile elements are shown in Figures  17 and 18 . Despite variable alteration, the Zr/TiO2 and Nb/Y ratios of the Boundary samples, except one chaotic-carbonate-altered sample, exhibit a tight clustering with rhyolitic petrological affinities and subalkalic Nb/Y ratios. Significantly, there is no discernable difference between the footwall and hanging wall (Fig. 17A) . Most samples have Zr/Y ratios of 2.8 to 4.5, typical of transitional series rocks (Fig. 17B) , and low Nb/Y ratios that plot within the volcanic arc field (Fig. 17C) , suggesting formation in an arc or re-melted arc crust (e.g., Lentz, 1998) . Upper crust-normalized La/Sm ratios are <1, implying derivation from crust that was more juvenile than normal upper continental crust (Fig. 17D) . The primitive mantle-normalized signatures of these samples are slightly LREE-enriched with flat HREE, and negative Nb, Ti, and Eu anomalies, accompanied by very low contents of compatible elements (Al, Sc, V; Fig. 18 ), typical of fractionated rhyolitic rocks that formed in an arc environment or by re-melting of arc basement (e.g., Piercey, 2011, and references therein).
Discussion and Summary
Evidence for subseafloor replacement
Although subseafloor replacement has been advocated as a fundamental mechanism in the formation of many VMS deposits, finding unequivocal evidence of this process in ancient deposits is very difficult. The Boundary deposit is exceptionally well preserved and contains textures and features common to subseafloor replacement-style VMS deposits. Doyle and Allen (2003) proposed five criteria that are indicative of subseafloor replacement in VMS deposits: (1) sedimentary facies, (2) relicts of host facies within the mineral deposit, (3) replacement fronts between the deposit and host lithofacies, (4) discordance of the deposit to bedding, and (5) strong hanging-wall alteration without an abrupt break in intensity. Criteria 1 to 3 are considered diagnostic, whereas criteria 4 and 5 are supportive but non-unique to replacement (Doyle and Allen, 2003) . Most of these criteria are present in the Boundary deposit. Although the rate of emplacement of the rocks at Boundary cannot be determined, the poorly sorted, nonbedded rhyolitic lapilli tuff that form the footwall can be reasonably assumed to record rapid deposition as mass flows (e.g., McPhie et al., 1993; McPhie and Allen, 2003) . Capping of these lapilli tuff by flow-banded lobe and lobe and breccia facies rhyolites that are hydrothermally altered is also consistent with rapid emplacement as lava flows, synchronous with high-temperature hydrothermal alteration (see below). The textural and stratigraphic relationships at Boundary provide evidence for a subseafloor replacement origin. The ubiquitous presence of clasts having textures and alteration identical to the surrounding footwall lapilli tuff (Figs. 9, 11 ; criteria 2), together with the occurrence of multiple sulfide lenses at different stratigraphic levels beneath the rhyolite cap criteria 3) are diagnostic of subseafloor replacement.
Discordant mineralization is also present at Boundary. In many drill holes in the North zone (e.g., BD99-113), crosscutting chlorite alteration has a pipe-like structure (e.g., Fig . 5B) that transitions laterally into alteration parallel to stratigraphy; this is particularly well developed in porous footwall volcaniclastic rocks at multiple stratigraphic levels (Figs. 5-8) . Furthermore, the alteration is pervasive in hanging-wall rocks with very little change in intensity relative to that present in the footwall (Figs. 15, 16 ). In particular, there is strong Na2O depletion, elevated alteration index values, and anomalously high base and volatile metals in the hanging-wall rhyolite flows (Figs. 13-16 ), features that suggest that these rhyolites had already been deposited prior to sulfide mineralization (i.e., during replacement), or were emplaced shortly thereafter while the hydrothermal system was still active.
Formation of the Boundary deposit was likely enhanced and ultimately related to the significant permeability contrast between the relatively impermeable hanging-wall rhyolite flows and more porous footwall volcaniclastic rocks (Fig.  19) structures and rose through the relatively permeable footwall lapilli tuff, and upon encountering the impermeable hangingwall rhyolites, cooled, mixed with ambient seawater and porewater in the volcaniclastic rocks, and deposited sulfides in a subseafloor setting. The multiple sulfide zones present in the deposit also suggest that variable permeable zones existed in the footwall volcaniclastic rocks that promoted the deposition of multiple mineralized horizons. Permeability boundaries resulted in the progressive replacement of the host rocks ranging from rhyolite with sulfide stringers, to sulfide-rich rhyolite, to massive sulfide with abundant rhyolite clasts, to predominantly massive sulfide with rare clasts (Fig. 19) .
Subseafloor mineralization would have been accompanied by zoned alteration typical of VMS systems in which sericite then chlorite form with increasing proximity to sulfides (e.g., Riverin and Hodgson, 1980; Gemmell and Large, 1992; Franklin et al., 2005; Gibson, 2005) . In addition to a classic, discordant alteration zone (e.g., Fig. 5B ; Gemmell and Large, 1992) , the Boundary deposit also has alteration that parallels stratigraphy and extends into the hanging wall (Figs. 5-8, 19 The deposit formed at the boundary between hanging-wall rhyolite lobe and breccia facies rhyolite, likely domal in form, and the footwall of rhyolitic lapilli tuff. The vast majority of sulfide in the deposit likely formed by replacement of footwall lapilli tuff as a result of fluids cooling, mixing with seawater and with porewater at a permeability boundary between more impermeable hanging-wall rhyolite flows and more permeable footwall lapilli tuff. This resulted in a massive core of sulfide and a tree-like structure of sulfides replacing the bounding permeable lapilli tuff. This was also responsible for the shape of the alteration halo broadly paralleling stratigraphy in both the footwall and hanging wall. Notably, there are bedded sulfides in the deposit, suggesting that part of the deposit must have exhaled on the seafloor and was subsequently eroded. (B) Schematic of the progressive replacement of rhyolite breccias toward mostly massive sulfide with rhyolite clasts. This schematic illustrates the potential range of textures found in the massive sulfides and the potential mechanism for their formation. Diagram influenced and constructed based on diagrams in Gibson et al. (1999) and McPhie et al. (1993) features very common to subseafloor replacement-style VMS (see also Galley et al., 1993) . Moreover, the presence of a cap rock during sulfide mineralization resulted in extensive alteration of hanging-wall strata and is consistent with a replacement style origin (e.g., Figs. 15, 16, 19) ; however, hanging-wall alteration is not diagnostic and could represent continuation of hydrothermal fluid flow after deposit formation.
Despite significant evidence for subseafloor replacement, at least part of the Boundary deposit must have breached the surface and formed in the seafloor environment (Fig. 19) . The laminated and bedded sulfides present at Boundary (Fig. 12) , although much less abundant than the replacement-style sulfides, are consistent with mineralization on the seafloor and may have formed either from chimney collapse and subsequent deposition, and/or by tectonic uplift of the deposit (during rifting?), erosion, and deposition (Fig. 19) . Some of these laminated, semi-massive sulfides also could be replacements of fine-grained tuff.
Tectonic environment of formation
The regional setting of mineralization in the Tally Pond Group has been the focus of numerous studies. Dunning et al. (1991) argued that the group was the product of arc volcanism potentially within a thickened arc or on continental crust. More recently, U-Pb geochronology and Nd isotope data suggest that some of the felsic rocks in the Tally Pond Group have Neoproterozoic zircon inheritance and Proterozoic depleted mantle model ages (Rogers et al., 2006; McNicoll et al., 2010) . Furthermore, Pb isotope data from the Tally Pond belt range from relatively primitive to evolved signatures (Swinden and Thorpe, 1984; Pollock, 2004) ; however, some of the "evolved" galena samples used for Pb isotope analysis have questionable links to VMS systems, and may represent younger "orogenic" mineralization (i.e., crosscutting Zn-Pb carbonate veins; S.J. Piercey, unpub. data) . Nevertheless, given the above data, Rogers et al. (2006) and Zagorevski et al. (2010) proposed that the Tally Pond Group formed in an arc sequence as part of the Penobscot-Victoria arc, in a peri-Gondwanan setting along the margin of Ganderia (Fig. 20) . McNicoll et al. (2010) also suggested formation within a peri-Gondwanan continental arc along Ganderia (Fig. 20) .
Immobile element geochemical signatures of felsic volcanic rocks from the Boundary deposit are consistent with formation in a predominantly continental arc environment. These rocks have low HFSE contents and negative Nb-Ti anomalies (the arc signature) on primitive mantle-normalized plots (Figs. 17, 18) . Notably, however, such arc signatures in felsic rocks can form in a number of ways, including inheritance from their source region (e.g., remelting an arc source; Morris et al., 2000) , contamination by continental crust (e.g., Piercey et al., 2001; Piercey, 2011) , fractionation of Nb-and Ti-rich phases (e.g., Green and Pearson, 1987; Ryerson and Watson, 1987) , and/or melting of hydrated crust where Ti phases are stable (e.g., Schmitt and Vazquez, 2006; Shukuno et al., 2006) . Although the results presented here are consistent with formation in a continental arc environment, the geochemical signatures of the Boundary host rocks are not a unique indicator of this setting.
Other inconsistencies exist with a model involving formation in a typical continental arc. Firstly, there are abundant rocks having "primitive" geochemical signatures, including island arc tholeiites and VMS-related galena with unradiogenic Pb isotope ratios (e.g., Swinden and Thorpe, 1984) . Similarly, the felsic rocks have upper-crustnormalized La/Sm values that are <1, indicative of formation from crustal sources more juvenile than typical upper continental crust (Fig. 17D) . Secondly, the belt is distinctly bimodal and comprises a generally older, mafic-dominated package and a younger, more felsic-dominated package that hosts the sulfide mineralization. This pattern is atypical of continental arcs that generally show a continuous fractionation sequence from basalt, through andesite, dacite, and rhyolite, and in which andesitic rocks predominate (e.g., Arculus, 1994; Lentz, 1998; Swinden, 1996) . Thirdly, the volcanic facies present at Boundary and other VMS deposits of the Tally Pond belt are consistent with formation in extensional synvolcanic structures, and not in a compressional environment typical of an Andean-type continental arc. Zagorevski et al. (2010) argued that the Penobscot-Victoria arc was under extension during its Cambrian-Ordovician history that included periodic rifting (Fig. 20) . This type of model explains most of the inconsistencies outlined above and provides the best potential tectonic environment for the Boundary deposit: a continental(?) rifted arc. An extending, continental arc rift setting would produce the volcanic facies observed within the Boundary deposit, as these facies are deposited preferentially in extensional grabens that form during arc extension (Gibson et al., 1999; Gibson, 2005 ). An extending arc would also explain the petrological and isotopic attributes of the volcanic rocks. Firstly, rifting of an arc leads to upwelling of asthenospheric mantle, basaltic underplating of the crust, and melting of the base of arc crust and/or continental crust, resulting in the formation of rhyolitic rocks having geochemical signatures variably influenced by crustal components (e.g., Piercey, 2011) . For magmas that had sufficient residence time in the middle to upper crust, crust-mantle interaction could have occurred with older continental crust or slightly older arc crust, resulting in the evolved Nd isotope signatures and inherited zircons present in some rocks from the Tally Pond Group (Rogers et al., 2006; McNicoll et al., 2010; Zagorevski et al., 2010) . Extension, however, would also allow some magma to be generated and emplaced with shorter crustal residence times, thereby decreasing the "crustal" signature found in some samples (e.g., Fig. 17D ) and producing rhyolitic rocks with variable crustal versus mantle contributions during their genesis (Lentz, 1998; Zagorevski et al., 2010) .
Variability in the crustal petrological signatures found in the felsic (and mafic) host rocks in the Boundary deposit area would also be recorded in Pb isotope ratios of the sulfide minerals of the deposits. In particular, given that Pb in VMS deposits is derived primarily by the leaching of the substrate beneath the deposits (Franklin et al., 2005) , any Pb isotope variability in the volcanic basement will also be present in associated VMS mineralization, which is the case for VMS deposits of the Tally Pond Group (Swinden and Thorpe, 1984; Pollock, 2004) .
In summary, although data for the Boundary deposit and Tally Pond Group are broadly consistent with formation in a continental arc, the data are more consistent with the deposits having formed within a rifted arc environment along the edge of Ganderia in the Iapetus Ocean (Fig. 20) . 
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